Introduction
Exaggerated activity of the hypothalamic-pituitary-adrenal axis (HPA) is a neurobiologic correlate of adult depression and anxiety [1, 2] . Depression, abnormal attachments and poor growth are well established consequences of chronic neglect occurring in infancy [3] [4] [5] [6] [7] . Little is known, however, about the ontogeny and function of the neuroendocrine system of neglected infants and its contribution to abnormal development, growth failure, or depression [1, 2, 5, 8] . No animal models simulate the highly stressful human condition of early life neglect. Development of such a model should provide a critical tool to study the neuroendocrine changes induced by severe, continuous, early life stress.
The rat infant HPA shares many molecular and biological characteristics with the human HPA, and a body of information is available regarding the development of the stress response and HPA regulation in rat pups [9] [10] [11] [12] [13] . Hormonal stress responses in the infant rat differ from those of the adult, particularly in the magnitude of response to specific stimuli [14] . Maternal separation and daily handling in the rat are two paradigms known to alter the development of the stress response and the responses to acute stressors experienced as adults [15] [16] [17] [18] [19] ; e.g., extended periods of as much as 24 hours of maternal separation after 7 days of age increases plasma corticosterone (CORT) response to novelty [12, 16, 18, 19] . Daily handling of the preweanling rat for even short periods (15 min) results in an HPA system that is hypo responsive to acute stressors and remains so for the duration of the animal's life [14, 15] .
Cold-separation is a potent age-specific stressor for infant rat pups. Unlike the adult rat, the infant rat has little fur and immature thermoregulation [11, 13, 20] . Acute cold-separation stress in previously unstressed 9-day-old pups produces a robust increase in plasma CORT, peaking at 60-90 min, with a subsequent return toward baseline by 2-3 hours [13] .
The goal of the present study was to create a model of continuous stress in infant rats and evaluate its effect on plasma CORT, both under basal conditions and in response to an acute age-specific stressor, cold-separation. The continuous stress paradigm consisted of limiting bedding and of not handling pups or mothers during postnatal days 2-9. Bedding type and volume are important components of the dams' nesting environment, and severely limiting the amount of available bedding constitutes a continuous stressor for the dam and her pups. This novel paradigm was examined in comparison to the established models of handling and nonhandling [17] .
Materials and Methods

Animals and Experimental Groups
Animal Studies were approved by the Childrens Hospital Los Angeles institutional animal care and use committee under National Institutes of Health (NIH) guidelines. One hundred thirty-six infant rats were studied. They were born in our NIH-approved facility to timedpregnancy Sprague-Dawley-derived rats (Zivic-Miller, Zelienople, PA), All cages were kept in a single, quiet, uncrowded room maintained at 20°-22°C with laminar air flow. Except for experimental stressors (altered bedding or handling), rats were maintained under stressfree conditions, with a 12-h light/12-h dark cycle (lights on at 0700 h), and with unlimited access to lab chow and water.
Delivery was verified at 12-hour intervals, and the day of birth was considered day 0. Pups of both sexes from all litters were mixed and culled to 12 pups per litter on day 2. Three experimental bedding and handling groups were defined.
Handled pups
Pups were removed from bedded cages daily from postnatal day 2 to 9 and placed on a warming pad for 15 min as a group. The warming pad was used to prevent a decrease in body temperature. The pups were then returned to the home cage. After handling on postnatal day 8, pups were left undisturbed until the morning of day 9. Bedding for both this group and the nonhandled group consisted of Sani-Chips from Vermont hardwoods. Bedding volume was about 0.33 cubic feet per cage for both handled and nonhandled litters.
Nonhandled pups
Pups were left completely undisturbed with mothers in bedded cages from postnatal day 2 to 9. Bedding in cages containing nonhandled animals was not changed, because changing the bedding constitutes a handling procedure [15, 21, 22] .
No handling and no bedding (NHNB)
On postnatal day 2, pups were placed with mothers in cages with a small-gauge wire mesh bottom (to allow passage of excreta) raised 2.5 cm from the cage floor. The only bedding material consisted of one to two paper towels, approximately 0.09 cubic feet. The towels were shredded by dams to provide a nest area. Paper towels were not replaced because dams uniformly kept their nest area free of excreta. Cages were left completely undisturbed until postnatal day 9.
Cold-separation Stress and Time Course of Plasma CORT
On postnatal day 9, pups from each experimental group were either kept under stress-free conditions until they were killed or were subjected to an acute cold-separation stress. Pups exposed to cold-separation were separated from their mothers, weighed as a group, and placed in individual compartments in a cold room (4°C). Each pup was exposed to cold for the maximal time it could tolerate (30-40 min). which was defined by the development of rigor and no movement on stimulation, and was associated with an average core temperature of 9.8°C [13] , Although the time to development of rigor was weight-dependent, actual core temperature was weight-independent [13] . Cold-stressed pups were rewarmed as a group on a warming pad. They were kept normothermic until they were killed.
Separate groups of pups were decapitated before the onset of this cold stress or 90, 240, or (in nonhandled and NHNB groups), 360 min after its termination, and trunk blood was collected. The choice of timepoints was based on previous data indicating that peak CORT occurs between 60 and 90 min [13] . Four to 10 pups were cold-exposed per timepoint from each of the three experimental groups (mean 6.6 ± 0.9 pups per group).
For each treatment group, the remaining pups that were not cold-exposed were left in home cages with their dams in the same quiet room in which they had been reared. At times concurrent with the killing of cold-exposed pups, groups of 4 to 18 "control" pups (mean 7.5 ± 1.3 pups per group per timepoint) were rapidly removed from home cages with minimal disturbance to remaining pups or their dams, taken to another room and killed within 45 s of disturbance.
All experiments were started between 0730 and 0900 h to limit the effects of diurnal variability on basal and stress-induced plasma CORT [11, 23] . Plasma CORT levels were determined by radioimmunoassay (ICN. Irvine, CA) as previously described [24] . Assay sensitivity was 0.05 ng/ml; interassay variability was determined by two dilutions of adult rat plasma and averaged 15% The term "basal" plasma CORT describes levels of animals that were not cold-exposed and were killed within 45 seconds of disturbance.
Statistical Analysis
Groups were compared by the non parametric Mann-Whitney U test. All data are mean ± SEM except when indicated otherwise. Variance was measured as the sum of squared deviations of observations from their mean.
Results
Basal Plasma CORT
Plasma CORT of NHNB pups not exposed to cold was 2.21 ± 0.39 µg/dl at 0730 versus 1.98 ± 0.22 and 1.97 ± 0.20 µg/dl for nonhandled and handled groups, respectively (Fig 1a) . At the 240-min timepoint, mean plasma CORT of cold-exposed NHNB animals (3.49 ± 0.67) was significantly higher than that of nonhandled animals (1.67 ± 0.36) (P < 0.05), and handled animals (1.06 ± 0.16) (P < 0.01). Total plasma CORT output in 240 min, determined as the integrated area under the curve (AUC), was greater in the NHNB group in comparison with nonhandled and handled groups (784.5 vs. 552.1 and 350.6 µg): 142% that of the nonhandled group and 224% that of the handled group (Fig 1b) .
Plasma CORT Induction by Acute Stress
Plasma CORT response to cold-separation stress differed among the three experimental groups. In both handled and nonhandled groups, cold induced a robust, well-defined increase in plasma CORT by 90 minutes after cold exposure (Fig 2a and b) . In the handled group, plasma CORT levels subsequently decreased slightly, from 3.82 ± 0.58 at 90 min to 3.46 ± 0.39 at 240 min (Fig 2a) , whereas plasma CORT in the nonhandled group increased slightly, from 3.89 ± 0.43 at 90 min to 4.06 ± 0.53 at 240 min (Fig 2b) . Neither of these changes achieved statistical significance. The increased plasma CORT persisted in nonhandled pups at 360 min after stress termination.
In contrast, plasma CORT of NHNB pups was not significantly different from baseline by 90 min after cold-stress termination (2.69 ± 0.49 vs. 2.71 ± 0.64). By 240 min after coldstress termination, increase in plasma CORT in NHNB was observed (4.25 ± 1.94), with large variability among animals. At 360 min after cold-stress termination, a very significant increase in plasma CORT was evident in the NHNB group as compared with the 360-min NHNB nonstressed controls (8.42 ± 1.16 vs. 2.07 ± 0.47, P < 0.01) (Fig 2c) . The plasma CORT value in NHNB at 360 min after cold stress was also significantly higher than that of the nonhandled cold-stressed group (8.42 ± 1.16 vs. 4.33 ± 0.76, P < 0.05).
Within-Group Individual Variability in Plasma CORT
Variance of plasma CORT among animals in a group depended on the experimental paradigm. Handling resulted in the least variance in plasma CORT levels, between pups. Chronically stressed (NHNB) pups had the greatest individual variation in plasma CORT, whether or not they were cold exposed (Fig 3) .
Weight Differences
Mean weight of chronically stressed (NHNB) pups was 15.1 ± 0.6 gr. The mean weight of the nonhandled rat pups (21.5 ± 1.41 gr) was significantly different (P < 0.05). The mean pup weight of the single weighed group of handled animals was 22.0 ( Fig 4) .
Behavioral Alterations
The present study was not designed to evaluate behavior. However, NHNB dams were far more restless and aggressive than those of the other two groups. Nesting behaviors were not obviously altered, as all dams were observed to make maximal use of available paper towels for nesting.
Discussion
Early life stresses in infants and young children, such as chronic neglect and abuse, are associated with long-term effects on intellectual development, motor skills, and socialization [4, 25, 26] . Rigorous studies of the neuroendocrine systems of such children have not been performed. The central nervous system mechanisms coordinating the hormonal stress response are complex. Both limbic and hypothalamic neurotransmission, mediated by corticotropin-releasing hormone (CRH), regulate peripheral hormone output, i.e., adrenocorticotropin hormone (ACTH) and CORT.
Animal models provide a critical tool for delineating the effects of chronic stress on the neuroendocrine system regulating the stress response. This neuroendocrine system in infant rats is similar to that of humans; e.g., CRH is identical in both species. The stress response of infant rats is age dependent [11, 13, 16, 27] . Even during the first postnatal week, the HPA system of infant rats is fully capable of responding to specific stressors, such as maternal separation and cold [11,13,19.28 ]. The first two weeks of postnatal life in the infant rat are a critical period, during which HPA axis components involved in the response to stress are susceptible to both short and long term modulation [15, 29] .
Maternal separation and handling are two paradigms known to modulate the development of the stress response. By 7 days of life, the developing rat HPA exhibits several effects of maternal separation. Maternal deprivation for 2 hours or more on postnatal day 7 increases CORT secretion by pups during the deprivation period. Deprived pups also release more CORT in response to exogenous ACTH [18] . The longer the separation, the greater the magnitude of this response [30] .
Handling of the rat pup alters HPA responsiveness in adulthood. These adult rats secrete less ACTH and CORT after a variety of stressors. Plasma CORT levels return to baseline faster than those of nonhandled animals after discontinuation of the stressor, presumably related to alterations in the negative feedback system [14, 18] .
Neither brief daily handling nor a single episode of maternal separation approximates the human situation of the chronic severe stress of neglect. The goal of the current model was to avoid separation of the infant and mother yet create a continuously stressful environment. Furthermore, animal models of acute stress must be age specific. Cold-separation is a powerful acute stressor in infant rats because of rapidly induced thermal loss. Moreover, it has been fully defined and is an easily reproducible stress paradigm in the infant [11, 13] .
Our study demonstrates that altering the cage environment by not handling and limiting betiding (NHNB) results in four key features of a chronic stress paradigm: increased "basal" CORT secretion, an altered response to an acute stressor, increased interanimal variability, and poor weight gain. These features are the hallmarks of tin up-regulated HPA.
Chronically stressed (NHNB) pups had an increased basal output of CORT. Furthermore, these pups had a "spontaneous" increase in plasma CORT between the morning and afternoon samples on postnatal day 9 even without exposure to cold-separation stress. The likely explanation for this increase is an enhanced sensitivity of the rats to the minimal interference caused by removing sibs from the cage. These minimal stresses were not sufficient to alter plasma CORT in either handled or nonhandled pups. The current design did not permit us to distinguish whether increased pup stress was secondary to abnormal maternal response to the environment. This is the focus of current studies.
The pattern of plasma CORT response in NHNB rats after acute cold-separation stress differed substantially from the other groups (Fig 2) . The apparent delay in CORT response of NHNB animals to an acute physical stressor may reflect their higher basal CORT secretion over time [14] .
Six hours after termination of cold-separation stress, plasma CORT of NHNB animals had not reached a plateau (Fig 2c) . This sustained increase in plasma CORT is consistent with a less effective termination mechanism, i.e., a decreased sensitivity to negative feedback at the level of the pituitary, hypothalamus, or extrahypothalamic regions [17] . Such an abnormal negative feedback mechanism may explain both the alterations in basal CORT secretion and the abnormal termination of the acute stress response.
If chronically stressed (NHNB) pups have a diminished negative feedback mechanism, a potential site of the dysfunction is at the level of the hippocampus [31, 32] . Hippocampal glucocorticoid receptors are considered essential for the termination of CORT secretion [31] , Indeed, handled animals that have rapid termination of the stress response have been shown to have permanently increased glucocorticoid receptor levels in the hippocampus [17] .
Pups in the NHNB paradigm had much greater interanimal variability in both basal and stress-induced plasma CORT (Fig 3) . Individual variation in the response to stressful stimuli is a well-established phenomenon that has been shown to correlate with the degree of chronic stress [8, 33] . Krieger and Good, for instance, documented significantly greater cortisol secretion rates as well as greater individual variance among children with growth failure due to both psychological and nutritional deprivation than in controls with growth failure alone [8] .
NHNB pups were also significantly underweight. The increased basal plasma CORT output of these pups should result in increased levels of circulating CORT, This may be one of the factors contributing to their decreased weight because CORT induces catabolism [34, 35] . Alternatively, if CRH production is increased, anorexia might result [36] . Dams may have had altered milk production or disturbed feeding and stroking behaviors, all of which could have contributed to poor weight gain [37] .
The implications of this paradigm are threefold. First, it provides the first reproducible model of continuous stress in infant rats; i.e. the physical environment of the maternal-infant dyad alters the development of the HPA axis and HPA reactivity to novel stressors [16, 38] . Second, this model achieves upregulation of the HPA without maternal separation and may more closely approximate the human situation of the chronically stressed, neglected infant. Third, the model produces an infant rat with increased CORT secretion that may be useful for studying the long term effects of CORT on, for example, limbic neuronal survival [39] . (a, b. and c) Cold-separation stress-induced plasma corticosterone (CORT) values as compared with those in nonstressed "controls" in handled animals (a), nonhandled animals (b), and (c) chronically stressed (nonhandled with no access to bedding, NHNB) experimental groups. Controls: no exposure to cold. (Scale is increased in 2c.) The magnitude of the stress response between groups attained significance only for the NHNB group versus the nonhandled group at 360 min (P < 0.05). *P < 0.05. **P < 0.01. Interanimal variability of plasma corticosterone (CORT) in the three experimental groups: Basal (no cold-separation stress) state (a), after cold-separation stress (b). Group weights of handled, nonhandled, and chronically stressed pups. A single group of handled pups was weighed; therefore, no SEM is shown. *P < 0.05.
